. Volume acquisition rate: 6.5 volumes/s. Transverse FOV per volume: 1.2 cm (x) x 1 cm (y). Total volumes recorded: 54. File Size: 27.6 MB
Supplementary Movie S5.
Video fly-thru of the three-dimensional dataset used to generate a single frame in one of the video sequences of Supplementary Movie S4 . At the 45 th frame, the cross-sectional structural and birefringence axis data are shown across the volume. These data were recorded using a 200 GHz FSR SPML laser providing a 543 µm (in tissue) baseband image depth. Volume acquisition rate: 6.5 volumes/s. Transverse FOV per volume: 1.2 cm (x) x 1.2 cm (y). Total volumes recorded: 54. File Size: 40 MB
Supplementary Movie S6.
An excised mouse sciatic nerve is pinched in real-time with metal forceps to show how quantitative birefringence can be used to measure nerve health. A birefringence plot of the 13th frame and 51st frame are shown in Supplementary Figure 14 . These data were recorded using a 200 GHZ FSR SPML laser providing a 543 µm (in tissue) baseband image depth, and polarization-sensitive processing was performed as described in Supplementary Fig. 13 . Volume acquisition rate: 6.5 volumes/s. Transverse FOV per volume: 1.2 cm (x) x 1.2 cm (y). Total volumes recorded: 51. File Size: 7.1 MB
Supplementary Information I -Degenerate delay responses in frequency comb circular optical ranging
Here we show that an optical frequency comb source with a fixed line spacing of Δ ν fc creates a degenerate optical response for delays separated by Δ τ = 1/ Δ ν fc . The phase of light as a function of optical frequency ( ν ) for a given delay position ( τ ) is given by φ ( ν , τ ) = 2πν τ . With a periodic comb with spacing of Δ ν fc, , the optical frequencies are given by ν m = m · Δ ν fc where m is an integer.
For any delay in a set of equally spaced delays given by τ n = ( τ' +n · Δ τ ) where n is an integer, the phase at each comb line is independent of n ,
In this derivation, we have used the relationship Δ ν fc Δ τ = 1 (by definition of these parameters) and the fact that ( m·n ) is an integer (given that m and n are both integers). Hence, all reflected signals spaced in delay by an integer multiple of Δ τ produce the same, i.e., degenerate, phase response at the frequency comb lines.
Interferometers directly generate signals related to cos( φ ). This doesn't change the degeneracy for all delays given by τ n = ( τ' +n · Δ τ ) (if the phase response is degenerate, the cosine of the phase response must also be degenerate). However, a second set of delays generates signals with degenerate cos( φ ) responses, but different phase responses. This can be seen easily by noting that the delays + τ n =+ ( τ' +n · Δ τ ) and -τ n = -( τ' +n · Δ τ ) produce the same cos( φ ) responses (cos(-x ) = cos( x )), but the set of + τ n and -τ n delays, taken together, do not define an equally spaced grid for all τ' . For this reason, to create degenerate responses at equally spaced delays and only at equally spaced delays, it is required to measure phase, or equivalently to measure the complex fringe cos( φ ) + i sin( φ ).
Supplementary Information II -Stretched pulse mode-locked (SPML) laser design and operation
Detailed optical and electrical schematics of SPML frequency comb laser architecture are presented. In Supplementary Figure 1 , we show the design with Δ ν fc = 200 GHz. A major advantage of the SPML laser is that all of the active components in the cavity are electro-optic, which makes the cavity more stable and facilitates synchronization of the laser with the electronic acquisition system. Electric drive signals and connections to the acquisition system are also shown in Supplementary Figure 1 . A 3.64433 GHz sine wave serves as a clock to drive a bit pattern generator (Sympuls PAT3000) to create electric pulses of 274 ps. These pulses are amplified before being input into the lithium niobate (LiNbO3) electro-optic intensity modulator (IM). The RF pulses after the amplifier have 5V amplitude and 370 ps pulse duration.
Optical output pulses from the IM were measured using a 9 GHz sampling oscilloscope to be External-cavity amplification was used to increase the laser output power and improve the system sensitivity. The average powers after the first booster optical amplifier (BOA1) (position 4 ), after the second booster BOA2 (position 6 ) were 14.7 mW, 1.2 mW, and 65 mW, respectively. The external-cavity FP was used to mitigate the linewidth broadening induced by the nonlinearities in the BOA. We also observed that the interplay between nonlinear spectral broadening and FP passband dispersion caused temporal pulse broadening. The external-cavity amplification design shown in Supplementary Fig. 1 optimized for high output power, while maintaining a sufficiently narrow instantaneous linewidth to support multi-centimeter depth ranges (see Supplementary Fig. 3 for coherence length measurements) and also avoiding significant temporal pulse broadening that leads to fringe fading due to temporally overlapped pulses. In the measured outputs of Fig. 2 (main text), the pulse at position 1 had a FWHM width of 361
ps, whereas at position 3 the recompressed pulse had a FWHM of 850 ps. Some of this broadening could be due to imperfect dispersion compensation from the two matched dispersive elements in the cavity. However, this lack of recompression could also be due to more complex non-linear effects in the SOA causing spectral broadening, which induces a temporal broadening due to the dispersion in the FP. To illustrate this, the pulse widths for a cavity with a single FP are presented in Supplementary Fig. 4 to compare with those presented in Fig. 2 (main text). The cavity has otherwise the same configuration, and outputs are measured after a single booster SOA (similar to Fig. 2 ). We can see that with a single intra-cavity FP, the pulse is recompressed to 500 ps FWHM compared to 850 ps FWHM with 2 x intra-cavity FP. This supports the hypothesis that the nonlinear temporal and spectral broadening in the SOAs interplay with etalon dispersion to affect pulse width.
Supplementary Figure 4.
The elastic stretching and compression of the pulse in the SPML cavity depends on the properties and number of FP etalons.
GHz FSR SPML source
The SPML laser design and operation for 80 GHz frequency comb output is described in Temporal overlap of pulses leads to fringe washout. After stretching with DCF2, the pulse train of this source occupies 132 ns corresponding to an repetition rate of 7.59 MHz. 
Supplementary

Supplementary Information III -Interferometer design
Interferometer design and complex fringe demodulation
As described in Supplementary Information I, circular ranging requires measurement of the complex fringe signal. The interferometer and detection scheme is shown in Supplementary Fig.   6a ,b. At the output, the laser pulse train (see panel c) is modulated by the interference between the reflected sample and reference arm light (panel d). To measure the phase (more generally, the complex amplitude) from this interference, we used an optical quadrature demodulator to generate in-phase and quadrature fringes on separate output channels. The design and operation of this quadrature demodulator, including specific methods to allow it to work into the GHz RF bandwidths, is described in detail in Ref. 
Supplementary Information IV -Signal acquisition/processing and image processing
Here we describe the capture, signal and image processing steps. Because the method relies on optical-domain compression (i.e., no specialized reconstruction algorithms are required), the signal and imaging processing is very similar to that performed in Fourier-domain OCT methods.
They are listed here for completeness. Surface unwrapping is unique to this method (see Supplementary Figure 11 ), but is not essential to the method.
The relationship between circular delay, circular depth, and fringe RF frequency
The SPML laser creates discrete optical frequencies separated in time, and the spectral interferometric modulation can be measured sequentially with high-speed photoreceivers and data acquisition cards. With this time-domain detection, interference fringe spectral frequency (i.e., modulation as a function of optical frequency, ν ) maps to RF frequency in the detected signal. The circular RF frequency of the spectral modulation is calculated as
where Δ t fc is the pulse separation. This relation is illustrated in Supplementary Fig. 7 below.
When the pulse separation is Δ t fc = 1.087 ns, as in the 200 GHz laser of Fig. 2 , the maximum RF frequency is given by f max = 1/(2 Δ t fc ), which corresponds to +/-460 MHz. With circular ranging, all physical delays map circularly to the RF frequency range from -1/(2 Δ t fc ) to +1/(2 Δ t fc ).
Supplementary Figure 7.
The relationship between circular delay ( τ ' ), circular depth ( d ' ), and RF frequency ( f ' ) for Δ τ = 5 ps ( Δ ν fc = 200 GHz) and assuming n = 1.38 .
Fringe digitization
For acquisition, 2-channel digitizers (AlazarTech ATS9373) were used at the specified sampling rate (Supplementary Table 1 ). Note that interference signals, which had a baseband Nyquist RF frequency of 460 MHz and 620 MHz for the 200 GHz and 80 GHz lasers respectively, were oversampled (above by the digitizer.
Correction for demodulation (I/Q) errors and fringe de-chirping
After capture of the low-pass filtered fringes, the signals are corrected for quadrature errors and laser chirp (Supplementary Fig. 8 ). The acquired in-phase (black) and quadrature (red) fringe signals are first corrected for laser chirp using resampling. Then the quadrature errors are corrected using previously described methods [1] to reduce residual conjugate peaks below the noise floor. After quadrature correction, a window is applied and an FFT is performed to cast the signal into the image space. 
Supplementary
Processing of fringes to generate circular depth A-lines
As stated in the main test, circular ranging is created in the optical domain, and post-processing of fringes to obtain (circularly) depth-resolved A-lines follows a process analogous to that used in conventional Fourier-domain OCT. However, there are multiple RF harmonics in these signals, generated by the use of the frequency comb source, and these are described here.
After performing a discrete Fourier transform, only the signals within the RF bandwidth corresponding to the circular delay range ( Δ τ ) (i.e., the RF baseband) are retained. Outside of this RF baseband, residual signals that are transmitted through the analog low-pass filtering are not needed as they communicate information on pulse train structure, or are redundant to the inference signals contained with the RF baseband. This is illustrated in Supplementary Fig. 9 . The leftmost column presents fringes prior to low-pass filtering, the center column shows the RF spectrum of these fringes, and the rightmost column shows the fringes after digitally low-pass filtering at 460 MHz. Because only the in-phase channel was recorded, identical conjugate peaks exist in the Fourier transformed data ( Supplementary Fig. 9 , middle column); including both channels places this mirror signal entirely on one side of the zero delay location. The purple arrows point out the point spread function (PSF) and the first harmonic of the mirror signal. Notice that the first harmonic ( h1 ) appears in the negative frequency space and slides into the baseband as the PSF moves toward the edge of the baseband.
The measured interference fringes for a series of sample mirror locations are presented in Supplementary Fig. 10 . Both in-phase (black) and quadrature (red) measured fringe signals are plotted. Notice that at the edge of the window (460 MHz) the quadrature (red) fringe changes from lagging to leading by 90 degrees. Importantly, because aliasing is achieved in the optical domain using the frequency comb, the entire electronic acquisition system including the receivers, digitizers, data transfer buses and data processing units can operate at this reduced bandwidth.
Supplementary Figure 10 . Measured complex (I/Q) interference fringes as a function of mirror position
highlighting the circular cycling of fringe frequency as the mirror translates in depth.
Three dimensional imaging and circular image datasets
As in conventional OCT, circular ranging OCT provides cross-sectional images with depth resolved scattering profiles. Therefore, acquired images appear as conventional OCT images, with the addition of circular wrapping in the depth plane as a result of the optical subsampling. In the exemplary Supplementary Fig. 11 , subsurface glands and ducts are revealed in the 
Optional surface unwrapping of circular image datasets
Image data from the circular delay ranging system is inherently compressed, via wrapping in the depth dimension. If images can be used in this form, no additional processing is required. To generate an unwrapped image, surface finding can be employed. In Supplementary Fig. 12 , we highlight that the unwrapping of compressed data. The acquired dataset shows image data that is circularly wrapped (panel a). It is important to recognize that this wrapping does not interfere with cross-sectional (subsurface) imaging. Because this image was taken with the 80 GHz FSR SPML laser outlined in Supplementary Fig. 4 , the circular depth range in tissue is 1.36 mm. In panel b, the continuity of the image data can be recognized by tiling the compressed images vertically. By extracting the surface location (yellow curve, panel b), we can remove upper and lower repeats of the tissue structure and generate a three-dimensional unwrapped rendering of the sample (panel c) as is done using conventional methods in optical coherence tomography.
Here, we used phase-unwrapping to select a single continuous surface profile across the full volume and extract the 3D rendering of the bladder and forceps.
Supplementary Figure 12 . Circular wrapping of swine bladder tissue and unwrapping of surface finding data to reconstruct three-dimensional structure across a range exceeding the circular delay range, Δ τ.
Polarization-sensitive measurements
An overview of polarization-sensitive processing and image reconstruction is shown in Supplementary Fig. 13 . 
Supplementary Information V -Imaging
Summary of system and imaging parameters.
Supplementary Table 1 . The system parameters used for the face (main text Fig. 3 ), colon (main text Fig. 4 ), bladder ( Supplementary Fig. 12 ) , and nerve (main text Fig. 5, Supplementary Fig. 14) imaging. The differing laser performances for the nerve and face imaging resulted from the inclusion, in the former, of additional external-cavity filtering and amplification (i.e., output taken at position 6 of Supplementary  Figures 1) . The FWHM linewidth was measured with an optical spectrum analyzer (0.02 nm resolution).
As is conventional in OCT, axial resolution was measured as the FWHM of a mirror point-spread function and lateral resolution is specified by the FWHM beam width. The RF bandwidth per channel is the bandwidth containing the baseband window (see Supplementary Figure 9 ) and is given as described in Supplementary Information IV as 1/(2 Δ t fc ). The digitizer rate was selected to be greater than twice the RF bandwidth per channel. The required acquisition bandwidth is given by the (RF bandwidth per channel) x 2 (For Nyquist sampling) x (Number of Channel) x (2 Bytes). The experimental acquisition bandwidth was the data rate actually used and includes any (unnecessary) oversampling: (Digitizer rate per channel) x (Number of Channels) x (2 bytes). 
Face
Microscope Design
In the microscope a large diameter collimator (ThorLabs F810APC-1550) was used, and an achromatic lens was located before the two-axis scanners for wide-field scanning (main text, Figure 3 ). In the face dataset, large-mirror galvos (ThorLabs GVS012) were used because of their wide scan angle, and a 250 mm FL lens (ThorLabs AC254-250-C) was used for longer depth-of-fields. All other datasets used fast resonant scanners with achromatic 100 mm FL lenses (ThorLabs AC254-100-C). Interpolation was performed along the fast-scan axis to remove sinusoidal distortion induced by the resonant scanner.
Tissue/sample preparation
Swine colon and bladder imaging was performed on freshly excised tissue (within a day of sacrifice). Tissues were prepared by cutting open the lumen and flushing with saline. Face imaging was performed with the subject resting on the table during the duration of imaging.
Nerve imaging was performed on the sciatic nerve of an albino Lewis rat within 20 min of sacrifice.
Quantitative PS imaging .
The quantitative PS information can reveal important metrics to assess tissue health. In healthy nerves the birefringence is high, whereas unhealthy or damaged nerves have reduced birefringence. As an example we show a video where we pinch an excised mouse sciatic nerve with forceps (Supplementary Movie S6). Two projected frames are shown in Supplementary Fig. 14, one before the pinch and one after. Intensity projection : Shows average log(intensity) over circular delay range. Median optic axis projection : Maps the quantitative optic axis angle to hue (color). The nerve has high birefringence, hence is intensely colorized, whereas the forceps, sutures, and phantom are not intensely colorized.
Normalized Average Birefringence:
The average normalized birefringence along the nerve is shown quantitatively along the yellow line for both frames. First averaging was done by taking the average retardance value across the circular delay range for every point in the frame. A noise birefringence level was defined as the minimum birefringence value (computed to be 0.223 deg./μm) and subtracted from the entire dataset to arrive at a normalized average birefringence (plotted). There is a 0.4 deg./μm loss in avg. birefringence where the nerve was pinched, although the intensity in that location does not change significantly. Note that although the average birefringence along the nerve is 0.45 deg./μm, the birefringence within 300 μm of the surface of the nerve had a normalized birefringence of 0.90 deg./μm, which closely match previously reported values for rat sciatic nerve [3] .
Comparison to existing FD-OCT systems
In these reported results, the effective physical voxels measurement ( ') results far exceed 
Data Availability Statement: The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request
